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Abstract
The loss of stability of shallow voids existing in the rock mass often results in the formation of sinkholes on 
the surface. This has a significant impact on the threat to public safety. Therefore, it is crucial to recognize the 
presence of such voids, especially in old post-mining areas, where shallow extraction was previously conduct-
ed, and there is a lack of mapping documentation indicating the location of underground workings. This paper 
presents an example illustrating a proposed procedure for recognizing shallow voids, which consists of two 
research works: geophysical research combined with numerical analyzes used as a kind of forward modeling. 
This combination increases the possibility of accurately locating potential sinkhole occurrences. The first part 
of this article provides selected literature information on the occurrence of sinkhole hazards. The second part 
presents the results of subsurface layer investigations of the rock mass conducted using electrical resistivity 
tomography (ERT). The third part focuses on assessing the threat of sinkhole formation by using forward 
numerical modeling performed with the FLAC 3D software to confirm the subsurface structures identified 
through the ERT method. The results of the analyzes conducted with both methods are then discussed in terms 
of their suitability for assessing the associated risk. The research conducted within the framework of this study 
confirms the effectiveness of the ERT method combined with numerical modeling for evaluating the state of 
the rock mass. This method can be considered a valuable tool for supporting decision-making in identifying 
post-mining areas that are particularly at risk of sinkhole formation.

Introduction

The loss of stability of shallow voids existing 
in the rock mass often results in the formation of 
sinkholes on the surface. This has a significant 
impact on the threat to public safety. Considering 
a large number of recent publications in the field 
of discontinuous deformations, especially sink-
holes (Fu et al., 2021; Baluch et al., 2022; Dursun, 
2022; Tufano et al., 2022; Vennari & Parise, 2022), 

it should be considered that this problem is relevant 
and current. 

The creation of sinkholes on the ground surface 
is caused by both natural and human activity causes. 
The sinkholes may arise as a result of the occurrence 
of karst phenomena, as is well known in the USA 
state of Florida (Tihansky, 1999; Oliver-Cabrera et 
al., 2022). In such specific rock mass, the natural 
shallow caverns collapse, and sinkholes form on the 
surface. Similar cases are recorded in China (Zhou et 
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al., 2022), South Korea (Baluch et al., 2022), Turkey 
(Dursun, 2022), Italy (Vennari & Parise, 2022), and 
many other countries.

In Poland, discontinuous deformations of the 
surface type most often arise for anthropogen-
ic reasons and usually are tied to mining activity 
(Chudek, Janusz & Zych, 1988; Fajklewicz et al., 
2004; Pilecki, 2008; Kowalski, 2015; Strzałkowski, 
2019, 2021). They mainly take the form of sink-
holes (“cover-collapse” sinkholes), sometimes in 
the form of shallow subsidence troughs above the 
void without a visible break in the continuity of the 
surface – the so-called “cover-subsidence” sink-
holes (Figure 1).

According to the majority of Polish researchers, 
shallow mining excavations located at depths of up 
to about 100 m (Chudek et al., 1988; Pilecki, 2008; 
Kowalski, 2015; Strzałkowski, 2019) pose a signifi-
cant threat to the surface in the mining and post-min-
ing areas. Many sinkholes are formed above the old 
shallow headings that are going to collapse. This is 
confirmed by the observations presented in previous 
works (Strzałkowski, 2021). This collapse is mainly 
due to the fact that these workings were not proper-
ly liquidated by filling – in fact, they are very often 
not liquidated at all after the cancellation of mine 
activity.

In Europe, sinkholes often occur in the areas of 
old, often already closed mines. An example may 
be sinkholes inventoried in France (Didier, 2009), 
Germany (Kretschmann, Efremenkov & Khore-
shok, 2017), and Poland (Strzałkowski et al., 2021). 
The research carried out by Strzałkowski & Litwa 
(2020) showed that most cases of sinkholes occur 
in shallow mining excavations, which is related to 
the fact that the excavations occupy the largest area 
of the liquidated mine. In addition, threats are posed 
by headings and mining shafts driven in the 19th 

century and the beginning of the 20th century (Bell, 
1988; Hunter, 2015; Strzałkowski et al., 2021). They 
pose a threat to the occurrence of sinkholes due to 
their improper liquidation in the past and shafts that 
were illegally driven, poorly secured, and not docu-
mented on mining maps.

To liquidate such a threat, an important issue is the 
precise localization of such shallow voids. Determin-
ing the location of the void can be carried out using 
a number of mining methods, including exploratory 
drilling, underground, and opencast mining works 
(excavations), as well as geophysical methods: GPR, 
gravimetric, seismic, or electrical resistivity (ERT) 
(Van Schoor, 2002; Cardarelli, Marrone & Orlando, 
2003; Fajklewicz, 2007; Pringle et al., 2012; Łój, 
2014; Madej, 2017; Łój & Porzucek, 2019). As min-
ing methods are invasive ones and not always fea-
sible, e.g., due to the existing surface development, 
therefore the geophysical methods (being non-de-
structive) have become increasingly important in 
recent years. An example of the use of this type of 
method to search for voids is studies conducted in 
Florida (Harro & Kiflu, 2018) or Brazil (Lago et al., 
2022).

In the next Sections, we present an example 
illustrating a proposed procedure for recognizing 
the threat of sinkhole formation, which consists of 
two combined research works: geoelectrical inves-
tigation in search of shallow voids combined with 
numerical analyses used as a kind of forward mod-
eling of their possible collapse due to loss of sta-
bility. The analyzes presented in this paper contrib-
ute to the recognition of the rock mass condition in 
post-mining areas. This recognition is crucial for 
minimizing construction hazards in new investments 
caused by possible sinkholes, and provides valuable 
data for selecting optimal protection works against 
such phenomena.

Figure 1. Cover – subsidence (left) and cover – collapse (right) sinkholes. Here, 1 is the micro-trough created over a shallow 
void (ground surface continuity is not broken), 2 is the shallow void of natural (e.g., karst) or anthropogenic origin (e.g., shallow 
mining working), and 3 is the collapsed part of the ground layers above the void (classical sinkhole)
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Materials and methods

Description of the study area 

The study area originates from one of the Polish 
coal mines located in the Upper Silesia Coal Basin 
(Figure 2). In this area, the shallow extraction of 

hard coal was conducted in the past (19th and 20th 
century) directly under the considered building plot 
(Figure 3). In 2010, a sinkhole was created near the 
north-east boundary of the building plot (Figure 3). 
It appeared above the old shallow heading located 
in coal seam 219, near the shallow shaft. The sink-
hole diameter was about 3 meters, and its depth was 
about 2 m (Figure 4).

Figure 4. Sinkhole created inside the area of the building 
plot over the old shallow mining workings

As mentioned earlier, a sinkhole occurred on 
the building plot near the garage building, affecting 
a section of the concrete slab pavement (Figure 4). 
To the west of the plot stands a detached residen-
tial building. In 2011, to assess the risk of further 

Figure 3. Map of the old shallow workings in coal seams 217 and 219 located in the study area (building plot boundary – green 
polygon) and location of the sinkhole created in 2010 (red dot), boreholes (green dots), and the course of geological cross-section 
W–E (blue line)

Figure 2. Location of the Upper Silesia Coal Basin over the 
Poland territory
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sinkholes and to protect the building from the impact 
of discontinuous deformations, drilling works were 
carried out, followed by treatment works. Seventeen 
boreholes were drilled, of which 14 were located in 
close proximity to each other (the area of the residen-
tial building), and the remaining 3 were scattered in 
the eastern part of the analyzed area (Figure 3) in the 
area of the sinkhole created in 2010. As a result of 
these works, no voids were found; in four boreholes, 
the presence of loosened zones was observed. The 
drilling works were not carried out over the entire 
area, but only on selected parts of the plot, which 
neighbored the residential building – west of the 
plot marked with a green polygon in Figure 3. Basic 
data on the exploration and technological boreholes 
drilled in the study area are presented in Table 1.

Table 1. Data on exploration and technological drilling in 
the study area

Borehole  
no.

Depth  
[m]

Thickness of  
overburden  

[m]

Data indicating the possible 
occurrence of old shallow  

workings along the borehole 
[running meters, RMT]

TP-1 15.0 4.0 –
TP-2 12.0 7.0 –
TP-3 11.0 7.5 –
TP-4 11.0 6.2 –
TP-5 13.3 6.3 6.30 RMT – 8.60 RMT:  

fractured coal
TP-6 11.0 6.5 –
TP-7 11.0 7.3 7.30 RMT – 8.30 RMT:  

loosened rock zone
TP-8 11.0 6.0 7.00 RMT – 7.80 RMT:  

loosened rock zone
TP-9 8.5 4.3 –

TP-10 8.0 4.2 4.20 RMT – 6.70 RMT:  
loosened rock zone

TP-11 11.3 5.1 –
TP-12 13.0 7.1 –
TP-13 8.5 6.0 –
TP-14 10.7 4.2 6.00 RMT – 8.00 RMT:  

clay mixed with coal
TP-15 8.2 5.1 5.10 RMT – 7.10 RMT:  

loosened rock zone
TP-16 10.0 7.1 7.10 RMT – 8.20 RMT:  

coal with pieces of wood
TP-17 8.6 5.3 –

Lithology and stratigraphy

The geological structure of the analyzed area was 
identified on the basis of 17 boreholes located on 
the building plot adjacent to the west boundary of 

the considered area (Figure 4). The boreholes were 
drilled due to the risk of sinkholes forming on the 
surface near the building being under construction. 
Lithological profiles of chosen boreholes in the area 
of the ERT survey are presented in Figure 5(a), and 
the geological cross-section drawn on their basis is 
illustrated in Figure 5(b). In stratigraphic terms, the 
geological structure of the near-surface part of the 
studied rock mass comprises Quaternary and Car-
boniferous formations.

Overburden Quaternary layers are present in the 
whole area of the plot, represented mainly by sands 
and clays, and their thickness ranges from 4.0 m to 
7.5 m (Table 1). The Carboniferous formations are 
represented by the “Łaziskie” strata – group “200” 
(named according to the Polish classification of Car-
boniferous layers). Up to the depth of exploration 
(about 15 m), they are mainly developed in the form 
of shales and hard coal layers. The Carboniferous 
strata dip to the south-east at an angle not exceeding 
3°. No tectonic faults or other disturbances inside the 
rock mass were found in the study area.

Mining operations carried out in the vicinity 
of the study area

Mining in the study area was carried out in two 
coal seams. In 1859, seam 216 was mined, while 
between 1922 and 1924, seam 219 was extracted. 
Exploitation was carried out at depths of between 
approximately 9 m and approximately 11 m, using 
a longwall system with roof caving. The thickness of 
the extracted seams was about 1.5 m. A sketch illus-
trating the mining situation is presented in Figure 3. 
It can be seen that in the rock mass in the study area, 
there are mainly horizontal galleries and goafs in 
seam 219. Mining workings in seam 217 are found 
only in the south-western part of the studied area. 
The location of the old shafts is related to the access-
ing of seam 219, with depths of up to 6 m and 11 m. 
Figure 3 also shows, marked with a purple color, the 
local coordinate system (X, Y), which was used as 
a reference element in further drawings presented in 
this paper.

The description of deformations created 
on the surface

The occurrence of non-liquidated or partly liqui-
dated mine workings and the presence of numerous 
loosened zones in the rock mass (Table 1) pose a high 
risk of the formation of discontinuous deformations, 
mainly of sinkhole type. In the area of the conducted 
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a)

b)

Figure 5. Geological structure of the near-surface layers in the study area (a) lithological profile of borehole: TP-2, TP-3, TP-16, 
TP-12, and TP-11 – (area of ERT sounding) and (b) geological cross-section W-E

Figure 6. Deformations observed on the surface: micro-subsidence troughs (cover-subsidence sinkholes) near the border of the 
plot
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research, apart from the sinkhole formed in 2010 
(Figures 3 and 4), “pseudo-continuous deforma-
tions” are currently being created in the southern and 
eastern boundaries of the plot (Figure 6). They take 
the form of “cover-subsidence” sinkholes, resem-
bling shallow basins (or micro-subsidence troughs) 
with a diameter of approximately several meters.

The location of these deformations can be asso-
ciated with the existence of shallow excavations in 
seam 219 (Figure 3), which presumably have not been 
properly filled. The workings date back to the begin-
ning of the 19th century; hence, there is no informa-
tion on whether they were properly liquidated.

Conducted ERT survey

For the purpose of assessing the structure of 
shallow rock mass layers in the area of micro-sub-
sidence troughs occurrence on the surface in ques-
tion, ERT investigations were performed. The Ares 
II equipment made by Czech company GF-Instru-
ments was used for the tests (GF Instruments, 2021). 
The profile designed for the ERT investigations 
consisted of 48 electrodes arranged along a straight 

line at 1.5 m intervals. The total length of the profile 
was 70.5 m. In light of the literature and practical 
experiences (Loke MH & Barker RD 1996; Loke, 
2013; GF Instruments, 2021), the maximum depth 
of penetration with such a line length and Wenner/
Schlumberger arrays used is approximately 1/5 of 
the line length, which in the presented case corre-
sponds to a depth of about 13 m. The survey line was 
located latitudinally along the south boundary of the 
building plot in such a way that it passed through 
the southern micro-trough (Figure 6) over the “X” 
direction of the local coordinate system (Figure 7). 
Two measuring arrays were used in the ERT sound-
ing: “Wenner α” and “Wenner-Schlumberger” (Loke 
& Barker, 1996; Fajklewicz, 2007; Loke, 2013; GF 
Instruments, 2021). The configuration of the ERT 
survey line is presented in Figure 7, along with two 
photographs from the west and east end of the line.

For processing the ERT results, the software RES-
2DINV (Loke, 2013) was used. The distribution of 
resistivity over the analyzed cross-section obtained 
with the Wenner-Schlumberger array is presented in 
Figure 8. The discussion of the results is given in the 
next Section.

Figure 7. View of the ERT survey line
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Numerical modeling procedure

Assumptions to numerical investigation

To analyze the safety of surface facilities and the 
possibility of deformation of the ground surface due 
to the loss of stability of old shallow mine workings, 
an attempt was made to represent such a situation 
by means of numerical modeling. The region of the 
considered building plot, characterized in a previ-
ous Section, was analyzed. As described above, in 
the analyzed region, very shallow coal seams were 
extracted. As a result of this exploitation, a number 
of drifts located at shallow depths remained, usually 
with timber support, and not filled after their closure.

To recognize the approximate state of the rock 
mass in the study area, a number of numerical simu-
lations were carried out using software based on the 
finite difference method: Itasca FLAC. The Itasca 
FLAC (Itasca Consulting Group, 2009) allows for 
two- and three-dimensional modeling of the behav-
ior of ground, rock, and other media, both in elastic 
terms and considering the plastic flow of the material 
after a critical state is reached. In the software used, 
the medium (rock mass) being modeled is repre-
sented by polyhedral elements divided into a spatial 
grid of finite difference elements so that the user can 
match the geometry of the model to the real object. 
Each element, as a result of an applied force or dis-
placement boundary conditions, behaves according 
to its assigned mechanical constitutive model, which 

defines the stress-strain relationship. During the sim-
ulations, plasticization and flow of the material can 
occur, and the finite difference elements may deform 
and move with the modeled object. 

The computational scheme used allows for the 
modeling of material failure and its post-critical 
states. The program does not require the construc-
tion and solving of stiffness matrices (in contrast to 
FEM-based software), which makes it possible to 
build very complex models with relatively low hard-
ware requirements. The applicability of this software 
for modeling underground mining workings (Prusek 
& Bock, 2008; Guo et al., 2019; Kong et al., 2019), as 
well as tunnels (Monjezi et al., 2012; Hassanlourad, 
Naghizadehrokni & Molaei, 2019; Hu & Wang, 
2019), is confirmed by numerous publications. 

Simulations were carried out for three variants of 
a 2D model representing the rock mass in a vertical 
section through a shallow gallery, and for a 3D mod-
el that considers the mining–geological conditions 
and the layout of the excavations in the analyzed 
area (Figure 9). The simulations were performed for 
an elastic-plastic model with weakening, using the 
Coulomb-Mohr strength condition described by:

  NcNf s 231   
 

 (1)

and the limitation of tensile stress transfer to tensile 
strength according to the relationship:

 t
tf   3  

 
 (2)

Figure 8. Distribution of the shallow subsurface layers’ resistivity obtained for the WennerSchlumberger array
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Here, σ1 represents the highest principal stress, σ3 
is the lowest principal stress, and c is the cohesion. 
Moreover, 







 





2

45tan
sin1
sin1 2 




N  

 

,

in which φ is the angle of internal friction.

Simulations of rock mass conditions 
in the vicinity of the analyzed voids

The state of the rock mass in the vicinity of the 
voids in question was analyzed using numerical 
models, the geometry of which is shown in Figure 
10. In the model layers, different material properties 
have been used (summarized in Table 2).

Figure 9. Location of the 3D numerical model in relation to the considered building plot on the land surface

Figure 10. Geometry of the analyzed numerical models

Table 2. Material parameters used in the numerical model

No. Material
Depth 

H 
[m]

Cohesion 
c 

[kPa]

Angle of internal friction 
φ 

[deg]

Tension limit 
Rt 

[kPa]

Bulk modulus 
K 

[MPa]

Shear modulus 
G 

[MPa]

Density 
r 

[kg/m3]
1 Quaternary layers 0–10 10 30 0 109 50 2100
2 Coal bed 10–12 500 25 100 1500 1000 1500
3 Carboniferous layers 12–20 750 30 100 3000 2000 2300
4 Filling 10–11.9 5 35 0 111 37 2100
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To investigate the possibility of surface defor-
mation creation in the considered area, simulations 
were carried out on 2D models with structural ele-
ments representing the timber support casings that 
protect the excavation during its construction and 
use (such support was used for the protection of the 
workings in this area in the 19th century, when they 
were constructed). The timber support was modeled 
by introducing two-dimensional bar elements on the 
contours of the excavated heading (Figure 11). The 
following properties were used for the bar elements 
simulating the support:
• cross-sectional area: A = 0.031 m2,
• moment of inertia: I = 0.0019 m4,
• Young modulus: E = 10 GPa,
• Poisson ratio: ν = 0.3.

Figure 11. Location of the bar elements simulating timber 
support

As a result of the large deformations caused by 
the plastic flow of the material to be modeled, the 
roof of the gallery subsides to the floor. To prevent, 

in the numerical simulations, the upper edge of the 
excavation from overlapping with the lower one, 
and to model the contact between the roof and floor 
or the roof and backfill, the contact elements of the 
“interface” type (in FLAC’s nomenclature) were 
used in the roof of the excavation (Figure 12).

Figure 12. Location of the contact elements of the “inter-
face” type

Simulations using the 2D model were carried out 
for three variants:
• A model reproducing the state of the rock mass in 

the vicinity of an excavation protected by support.
• A model simulating the rock mass in the case of 

support destruction (in FLAC’s procedure, the 
removal of elements simulating the support is 
completed); the model assumes that in the long 
run, as a result of unfavorable environmental con-
ditions, the timber support is being degraded. This 
leads to a decrease in its bearing capacity result-
ing in its total destruction. Such a situation for an 
exemplary excavation is presented in Figure 13.

Figure 13. Collapses in the underground gallery caused by damage occurred to the timber support
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• A model representing the state of the rock mass 
in the case of backfilling of the abandoned gallery 
with simultaneous degradation of its support.

Discussion of results

Results of the ERT surveys

As was stated earlier, the ERT investigations 
were conducted with two arrays: Wenner α and 
Wenner-Schlumberger. Due to the limited length 
of this paper, only the results obtained with the 
Wenner-Schlumberger array are presented in Fig-
ure 8. Analyzing the distribution of resistivity over 
the vertical cross-section along the length of the 
measurement line, several characteristic struc-
tures with clearly distinguished resistivity can be  
observed:
• The most distinctive oval-shaped anomaly is 

visible to the east of the eastern boundary of the 
building plot. This anomaly shows high resistivity 
values relative to the surrounding area (approx-
imately 2500 Ωm) and has a very distinctive 
cross-sectional shape, suggesting the presence 
of a secondary void at this location, most likely 
related to the presence of a not liquidated mining 
gallery. A similar zone of high resistivity occurs 
on the western side of this boundary. This corre-
sponds with the situation on the mine workings 
map shown in Figure 13, where mine workings 
(i.e., galleries) are visible running along the east-
ern and southern boundaries of the plot.

• Below the shallow rock mass structures of rela-
tively high resistivity, extensive structures of con-
siderably lower resistivity (about 100 Ωm) are 
visible, which can be identified with old post-min-
ing goafs that can accumulate water infiltrating 
from the surface.

Results of the numerical modeling

The results of the simulation made with the 
FLAC software, recovering the probable rock mass 
state in the surroundings of the excavation protected 
by the timber support, are presented by means of the 
distribution of plastic zones and the distribution of 
vertical displacements shown in Figures 14 and 15.

Figure 15. Vertical displacements (subsidence) in the model 
with support–protected excavation

In the results presented below, the plastic zones 
resulting from the reaching of the tensile strength – 
denoted as “tension” in the legend – and the shear 
strength by satisfying the Coulomb strength condi-
tion – denoted as “shear” – are marked separately 
by means of differentiated colors. Due to the itera-
tive calculation method, the results can also distin-
guish whether the limit state is reached in the cur-
rent calculation step (“shear-n” and “tension-n”) 
or was reached in earlier iterations (“shear-p” and 
“tension-p”). Elements where the stress state has not 
reached the limit value are marked with a gray color 
(“none”).

As shown in the figures below, the excavation 
with support is stable with relatively small zones of 
plasticization in its vicinity, extending into the rock 
mass at a distance of 1.8 m (Figure 14) and maximum 

Figure 14. Plastic zones in the model with support–protected excavation (gallery)
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vertical displacements in the roof of the excavation 
reaching nearly 3 mm (Figure 15).

The results of the simulations for variant II are 
presented in Figures 16 and 17. In this variant, a sit-
uation was reproduced in which a failure of the sup-
port occurred, resulting in the formation of extensive 
failure zones extending from the roof of the gallery to 
the ground surface. The plasticized material moved 
towards the excavation, finally filling it completely 
(Figure 17) and causing surface deformations char-
acterized by subsidence exceeding 0.5 m.

 

Figure 16. Plastic zones in the model with excavation with-
out support

Figure 17. Vertical displacements (subsidence) in the model 
with excavation without support

The occurrence of old shallow workings in the 
investment areas poses a significant threat to the sur-
face facilities constructed in their vicinity. One meth-
od of counteracting such a hazard is to eliminate voids 
in the rock mass by backfilling them, which has been 
tested in variant III of the numerical simulations.  

In this variant, it is assumed that the excavation is 
filled with backfill material to a height of 1.9 m and 
that the timber support has been destroyed. In this 
case, a limit state of stress is reached between the 
roof of the excavation and the land surface, resulting 
in the plasticization of the material, as shown in Fig-
ure 18. However, in this case, the deformation of the 
rock mass is significantly reduced, with maximum 
surface subsidence not exceeding 34 mm (Figure 
19). 

 

Figure 18. Plastic zones in the model with excavation liqui-
dated by backfilling

Figure 19. Vertical displacements in the model with excava-
tion liquidated by backfilling

Due to the extensive spatial arrangement of the 
workings in the area under consideration, a simu-
lation was also carried out for a model comprising 
a three-dimensional rock mass volume (Figure 20). In 
this model, workings were reproduced from the map 
of seam 219, with the simulation carried out for the 
most unfavorable variant assuming the destruction 
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of the excavations and, as a consequence, a lack of 
support in the galleries. 

Figure 20. 3D numerical model of the rock mass with the 
location of main galleries in coal seam 219

The results obtained are presented in the same 
way as for the 2D models, i.e., in the form of plas-
tic zone and vertical displacement distributions. 
The zones of plasticization are shown in the vertical 
cross-section (Figure 21), crossing the central part of 
the model in the east-west direction. This indicates 
that, in the case of failure of the support and rockfall 
into the workings, the zones of failure manifested 
by plasticization of the material reach the ground 
surface. This process leads to the creation of a sec-
ondary equilibrium state and a change in the original 

mechanical and filtration parameters of the soils 
present in the area, which may have consequences 
for the designed structures on the surface.

The maximum vertical displacement was experi-
enced by the elements forming the roof of the work-
ings, with the displacement reaching 2 m (Figure 
22), which corresponds to the height of the modeled 
workings. With the distance from the roof of the 
workings, the values of the vertical displacements 
decrease, reaching a value close to 0.4 m at the sur-
face. As shown in Figure 23, the deformation of 

Figure 22. Vertical displacements in the 3D model along the vertical cross-section

 

Figure 21. Plastic zones in the 3D model, vertical cross-section
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the surface depends on the layout of the workings, 
with maximum subsidence occurring in the areas of 
crossings of galleries.

When comparing the results of the modeling with 
the actual state, it should be borne in mind that the 
model represents the final state in which roof col-
lapse has occurred along the entire length of the 
modeled workings. In reality, this process does not 
occur simultaneously in all the workings, and the 
local roof collapses and accompanying surface sub-
sidence may occur at varying and difficult to predict 
moments.

Conclusions

In this paper, the results of analyses carried out to 
assess the surface hazard for the possibility of aris-
ing sinkhole-type discontinuous deformation have 
been presented. Investigations were carried out by 
means of shallow rock mass penetration using elec-
trical resistivity tomography (ERT), followed by 
analyzes of the stress state of the rock mass in the 
area between old shallow mine workings and the 
ground surface using numerical modeling. Numeri-
cal simulations were carried out with FLAC 3D soft-
ware, which is based on the finite difference method. 
The research was conducted in the mining area of 
one of the Upper Silesia Basin coal mines, where 
shallow underground mining was carried out in the 
past – in the 19th and early 20th centuries. To sum-
marize the research carried out, the following con-
cluding remarks can be stated:
1. In typical geological conditions of sedimenta-

ry deposits, including the Polish Upper Silesian 
Coal Basin, a sinkhole hazard is to be expected if 
unprotected voids of both natural and anthropo-
genic origin are present at depths of up to about 
100 meters.

2. In the case of anthropogenic voids, we are most 
often dealing with the post-mining workings of 
old, usually closed mines. It should be noted that 
while the threat from continuous deformations 
(subsidence troughs) occurs at most a few years 
after the end of underground mining works (usu-
ally several months) and then decays, in the case 
of shallow, not liquidated (backfilled) workings, 
the sinkhole threat will occur on the surface for 
a very long time – even several decades after the 
end of mining activities. In fact, it should be stat-
ed that, due to the processes of support destruc-
tion over time, the sinkhole threat level will usu-
ally increase.

3. A number of methods can be used to assess the 
hazard level (especially to identify where shallow 
voids exist); the most precise are mining methods 
in the form of drilling or opencast investigations. 
However, these methods are highly intrusive to 
the environment, both natural and urbanized, and 
are time- and capital-consuming. An alternative 
is the use of geophysical methods, which make it 
possible to assess the approximate structure of the 
near-surface rock mass layers in a non-destructive 
manner. However, it should be borne in mind that 
they do not provide 100% certainty of the location 
of underground voids.

4. The optimum configuration in terms of identifying 
this type of hazard is to use geophysical methods 
over a wider area to select zones where anomalies 
have been found, which allows the assumption 
that voids exist in such places. Boreholes should 
then be drilled in such areas to confirm the pres-
ence of voids, which can then be eliminated by 
filling them with suitable material and, thus, elim-
inating the sinkhole hazard.

5. Research carried out within the framework of 
this study confirms the effectiveness of the ERT 

Figure. 23. Vertical displacements (subsidence) of the modeled ground surface (deformations magnified ×15)
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method in the scope indicated above. It should 
also be noted that the numerical modeling of the 
rock mass state, which was additionally used in 
this study, effectively complements the analysis 
of sinkhole hazards. This may be considered as 
an excellent tool for supporting decision-making 
in the field of identification of areas particularly 
endangered and drilling in such places in order to 
confirm the occurrence of shallow voids (enabling 
their later elimination). Supplemented in this way, 
the procedure makes possible more efficient min-
imization of the costs of reclamation of post-min-
ing areas at risk of sinkholes.
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